Abstract: We demonstrate a high-power Yb-doped fiber laser operating at 1178 nm based on commercial silica double-cladding fiber and laser diode (LD) pumping regime at 976 nm. It is experimentally proved that heating the active fiber is an efficient way to suppress amplified spontaneous emission (ASE) and to increase the parasitic lasing threshold in long-wavelength Yb-doped fiber lasers. By adopting output coupling fiber Bragg grating (OC FBG) with high reflectivity and heating the Yb-doped fiber to 125 C, a record output power of 31 W is obtained, and the corresponding slope efficiency is $44% with respect to the pump power. To the best of our knowledge, it is the highest output power of Yb-doped fiber lasers, which adopt commercial double-cladding active fiber and operate in the range beyond 1160 nm. Furthermore, it is first experimentally proved that the parasitic lasing threshold is related to the power of the backward ASE and the length of the active fiber.
Introduction
Yb-doped fiber lasers (YDFLs) perform well because of their advantages such as high efficiency, compact structure, and high reliability [1] . In particular, remarkable output power of up to kilo-watts in emission range of 1030 nm-1100 nm have been realized one after another in recent years [2] - [6] . However, the fiber lasers emitting beyond 1100 nm attract more and more attention because of their extensive applications [7] - [10] . For example, the fiber lasers emitting in the range of 1120-1160 nm are excellent pump source for Ho-doped fiber lasers [11] . Besides, the emission in the range of 1140-1180 nm can be used to produce yellow light by frequency doubling to suffice for laser guide star system and medicine [12] - [15] . However, due to extremely small emission cross-section of Yb ions in spectral range of 1120 nm-1200 nm, the YDFLs operating in this range suffer strong gain competition with amplified spontaneous emission (ASE) at short wavelengths, which may result in parasitic lasing in resonant cavity and thus limit the power scaling of long-wavelength YDFLs. An approach for long-wavelength output is bismuth-doped fiber laser which has wide emission spectrum filling the gap between YDFLs and Er-doped fiber lasers [16] - [19] , whereas it is not as mature as YBFLs, especially with respect to its low efficiency because of relatively high unsaturable loss [20] .
To suppress ASE and avoid unexpected parasitic lasing in long-wavelength YDFLs, considerable work has been done. Specially designed solid photonic band gap fiber has been introduced to suppress ASE, relying on its spectral filtering property based on bulk optical configuration [21] - [24] . Besides, heating the Yb-doped fiber has been proved to be another feasible way because the absorption cross-section of Yb ions can be increased with rising temperature [25] , especially in spectral range of 1070-1100 nm where ASE occurs most possibly. By heating the Yb-doped fiber up to 70 C, an output power of 3.2 W at 1160 nm has been achieved and corresponding slope efficiency was 45% with respect to pump power at 1070 nm [26] . In similar way, an output power of 12.3 W at 1179 nm has also been obtained and corresponding slope efficiency was 43% with respect to pump power at 1090 nm [27] . These investigations proved that YDFLs operating in most efficient range of 1070 nm-1100 nm could be used as pump source of long-wavelength YDFLs to suppress ASE around 1080 nm, while this approach will complicate the laser system and decrease the overall efficiency because of its tandem-pumped structure [26] , [27] . It is noted that a fiber laser pumped by LDs at 915 nm has obtained an output power of 18 W at 1154 nm with slope efficiency of 50% when Yb-doped fiber was heated to 85 C, which indicates that a relatively simple LD-pumping regime can also achieve high output power at a long wavelength [28] . Also based on the LD-pumping regime, Zhang et al. have obtained an output power of 15.7 W at 1173 nm by using overlong active fiber to suppress ASE and ensure efficient absorption of the pump power at room temperature, whereas it increases the cost of the system [29] .
In this paper, we demonstrate a high-power Yb-doped fiber laser operating at 1178 nm based on commercial double cladding fiber. The laser is directly pumped by LDs at 976 nm, which ensures the reliability and compactness of the system. By heating the active fiber with high absorption coefficient, only several meters of the active fiber are needed to efficiently suppress ASE and increase parasitic lasing threshold, which reduces the cost of the system. When the operating temperature is increased to 125 C, a record output power of 31 W is obtained and corresponding slope efficiency is 44% with respect to pump power, which is the highest output power of long-wavelength YDFLs based on commercial double cladding Yb-doped fiber to the best of our knowledge. Moreover, it is also demonstrated that higher reflectivity of OC FBG is in favor of suppressing ASE and increasing parasitic lasing threshold. At the same time, it is firstly experimentally proved that the parasitic lasing threshold in long-wavelength YDFLs pumped by LDs is related to the power of backward ASE and the length of the active fiber. Furthermore, it is pointed out that, besides forward ASE, more attention should be paid to optimize the length of the active fiber and deal with backward ASE for higher output power at long wavelengths.
Experimental Setup
The experimental setup is depicted in Fig. 1 The active fiber has the same core/inner cladding diameters and NAs as the passive fiber used to make FBGs. The absorption coefficient of the active fiber is $4.8 dB/m at 976 nm. To avoid unexpected end feedback and damage, the output port of the laser and signal port of the combiner are cleaved at the angle of 8 . As mentioned above, YDFLs operating in spectral range of 1120 nm-1200 nm suffer strong gain competition with ASE at short wavelengths. Further, it is possible for ASE to induce parasitic lasing if it is strong enough and if there is potential parasitic feedback in its spectral range. As also mentioned above, the absorption cross-section of Yb ions will be increased with rising temperature, especially in the range of 1070-1100 nm where ASE occurs most possibly. So, in our experiment, a heating platform is used to handle the temperature of the active fiber to suppress ASE and possible parasitic lasing. Specifically, the active fiber is orderly coiled on the metal plate of the heating platform and covered tightly by silver paper, which avoids heat exchange with environmental air and ensures heating uniformity. The heating platform can reach specified temperature with a resolution of 0.2 and maintain this temperature automatically. Besides, an infrared thermometer is used to monitor the temperature of fiber coating via the silver paper indirectly, which is proved close to the temperature set by the heating platform.
Results and Discussion
To experimentally investigate the effect of the temperature on suppressing ASE, the laser operates at room temperature (22 C) first until the power scaling is limited by ASE-induced parasitic lasing. When output power reaches 20 W with respect to pump power of 48.3 W, obvious parasitic lasing at 1069 nm occurs. On this condition, we begin to heat the active fiber from room temperature to 125 C. The real-time spectra and power of the output light as well as the backward light are monitored in the process of increasing temperature, as shown in Fig. 2 .
From Fig. 2 (a) and (b), it is noted that the forward ASE is located in a relatively narrow range of 1035 nm-1090 nm at room temperature. Correspondingly, the backward ASE is stronger than forward ASE and located in a relatively wide range of 1000 nm-1120 nm, possessing a shape alike with the emission cross-section curve of Yb ions. This phenomenon demonstrates that ASE is mainly generated in the front part of the active fiber due to relatively high gain here. Hence, the forward ASE is efficiently reabsorbed when it propagates along the active fiber. On the contrary, the reabsorption of the backward ASE is weaker than that of the forward ASE because the propagating length of the backward ASE in the active fiber is shorter than that of the forward ASE. Moreover, it is also indicated that the short-wavelength tail of the forward ASE is reabsorbed more effectively than its long-wavelength tail when the active fiber is heated, which is in accord with the fact that the absorption cross-section of Yb ions decreases gradually with increasing wavelength. From Fig. 2(c) , it is noted that, when the active fiber is heated, the output power changes a little and does not increase in spite of the reabsorption of both forward ASE and backward ASE. The likely explanation is that the absorption cross-section of Yb ions at pump wavelength of 976 nm is decreased with rising temperature, which counteracts the reabsorption of ASE power, as demonstrated by the work of Grukh et al. in 2004 [25] . Therefore, it can be concluded that heating the active fiber is an efficient approach to suppress ASE for long-wavelength YDFLs pumped by LDs but can not improve efficiency.
With operation temperature maintained at 125 C, the output power is further scaled by increasing pump power. Fig. 3(a) shows the dependence of the output power on the pump power. It is noted that the output power scales linearly with pump power increased and corresponding slope efficiency is $44%. Eventually, a record power of 31 W at 1178 nm is obtained with respect to pump power of 70.8 W. Fig. 3(b) shows the spectrum of the output light at the maximal power. The full-width at half-maximum (FWHM) of the signal light is about 0.65 nm. There is hardly any parasitic lasing, and the integral intensity of ASE is less than 0.2% of total power, IEEE Photonics Journal Yb-Doped Fiber Laser Operating at 125 C which ensures endurable and stable operation of the laser system. It is to be noted that further power scaling is limited by the parasitic lasing. It is thought that going on increasing the temperature can increase parasitic lasing threshold further but may lead to deterioration of the fiber coating and, thus, have a bad effect on the performance of the laser. Generally, it is thought that relatively long active fiber can enhance the reabsorption of ASE and relatively high reflectivity of OC FBG benefits the lasing of long-wavelength YDFLs. It is worth emphasizing that, to clarify the relationship between parasitic lasing threshold and the length of the active fiber as well as the reflectivity of OC FBG, extensive experiments are conducted before we obtain the maximal output power of 31 W, and thus, some valuable information is derived. By changing the length of the active fiber and introducing another OC FBG with the reflectivity of 65.7% and 3 dB bandwidth of 0.93 nm, four experimental configurations are arranged. The parameters of these configurations as well as corresponding observed parasitic lasing threshold on both heating condition and no-heating condition are listed in Table 1 . At the same time, the dependence of the output power on the pump power for these configurations is shown in Fig. 4(a) and (b) .
By comparing C1 and C2, it is verified that relatively high reflectivity of OC FBG can remarkably suppress ASE and increase parasitic lasing threshold. However, relatively high reflectivity of OC FBG decreases efficiency to some extent, which can be attributed to the principle that relatively high reflectivity of OC FBG impairs power extracting ability of signal light from the resonant cavity. Anyway, to remarkably suppress ASE and increase parasitic lasing threshold, the weak cost of the efficiency is acceptable.
By comparisons among C1, C3, and C4, it is noted that extending the length of the active fiber can improve efficiency to some extent because it can improve the absorption of the pump source. However, the active fiber adopted in our experiments has a high absorption coefficient of 4.8 dB/m at 976 nm; therefore, it is considered that pump source in all the four configurations TABLE 1 Parameters of four experimental configurations and corresponding parasitic lasing threshold on both heating and no-heating conditions (parasitic lasing thresholds stand for the output power levels at which parasitic lasing occurs) is absorbed sufficiently and thus extending the length of the active fiber cannot improve the efficiency effectively, especially when the pump source is absorbed absolutely. Naturally, it is not necessary to adopt overlong active fiber to obtain weak increase of the efficiency for longwavelength YDFLs employing LD-pumping regime.
Moreover, by comparisons among C1, C3, and C4, it is surprising to notice that the configuration C3 has the lowest parasitic lasing threshold although it has the longest active fiber to enhance suppression of ASE. To seek the reason, the spectra of the output light as well as the backward ASE are analyzed. Fig. 5 shows the output spectra of configuration C1, C3, and C4 under the same pump power level (Fig. 5(a) and (b) show the results on heating condition and no-heating condition, respectively). The corresponding power of the backward ASE in each configuration is also notably displayed in the legend.
According to the output spectra shown in Fig. 5 , it is noted that the intensity of the forward ASE in configuration C3 is weakest because it has the longest length of the active fiber, which is not associated with whether the active fiber is heated or not. This result proves that relatively long active fiber really benefits suppressing the forward ASE. However, it is also noted that the configuration C3 has the highest intensity of backward ASE and the lowest parasitic lasing threshold, which is as well not associated with whether the active fiber is heated or not. These results indicate that the parasitic lasing threshold is related to the intensity of not only forward ASE but also backward ASE. As mentioned above, the backward ASE mainly generates in the front part of the active fiber, which means that the reabsorption effect of the active fiber on the backward ASE is relatively weak in comparison with the forward ASE. Thus, if there is residual reflection existing in the HR FBG, strong backward ASE may cause the parasitic lasing. Therefore, it is considered that, except heating the active fiber, extra attention should be paid to eliminate the backward ASE in long-wavelength YDFLs pumped by LDs. Furthermore, it is also noted that the intensity of the backward ASE is not proportional to the length of the active fiber, which means that an optimal length of the active fiber is needed to reduce the backward ASE in LD-pumping regime. Hence, it can be concluded that to increase the parasitic lasing threshold of long-wavelength YDFLs pumped by LDs, extending the length of the active fiber to suppress the forward ASE is not always acceptable because the intensity of the backward ASE may be increased and further cause the decline of parasitic lasing threshold, on the contrary.
Conclusion
A high-power Yb-doped fiber laser operating at 1178 nm based on commercial double cladding fiber is demonstrated. By selecting OC FBG with high reflectivity and heating the active fiber to 125 C, ASE and parasitic lasing are suppressed efficiently. As a result, a record output power of 31 W is obtained and corresponding slope efficiency is 44% with respect to pump power, which is the highest output power of long-wavelength YDFLs based on commercial double cladding Yb-doped fiber to the best of our knowledge. It is to be noted that further power scaling is limited by parasitic lasing. Besides, it is firstly experimentally proved that the parasitic lasing threshold is related to the intensity of the backward ASE and the length of the active fiber, which indicates that extending the length of the active fiber is not always acceptable to improve the performance of long-wavelength YDFLs pumped by LDs. Furthermore, it is pointed out that, besides forward ASE, more attention should be paid to optimize the length of the active fiber and eliminate backward ASE for higher output power at long wavelengths.
